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ABSTRACT
The polyadenylation of messenger RNAs is mediated
by a multi-subunit complex that is conserved in
eukaryotes. Among the most interesting of these
proteins is the 30-kDa-subunit of the Cleavage and
Polyadenylation Specificity Factor, or CPSF30. In
this study, the Arabidopsis CPSF30 ortholog,
AtCPSF30, is characterized. This protein possesses
an unexpected endonucleolytic activity that is
apparent as an ability to nick and degrade linear
as well as circular single-stranded RNA. Endo-
nucleolytic action by AtCPSF30 leaves RNA 30 ends
with hydroxyl groups, as they can be labeled by RNA
ligase with [
32P]-cytidine-30,50-bisphosphate. Muta-
tions in the first of the three CCCH zinc finger motifs
of the protein abolish RNA binding by AtCPSF30 but
have no discernible effects on nuclease activity.
In contrast, mutations in the third zinc finger motif
eliminate the nuclease activity of the protein, and
have amodest effect onRNA binding. The N-terminal
domain of another Arabidopsis polyadenylation
factor subunit, AtFip1(V), dramatically inhibits
the nuclease activity of AtCPSF30 but has a slight
negative effect on the RNA-binding activity of the
protein. These results indicate that AtCPSF30 is
a probable processing endonuclease, and that
its action is coordinated through its interaction
with Fip1.
INTRODUCTION
Messenger RNA 30 end formation is an essential step in
the biogenesis of mRNAs in eukaryotic cells. This step
consists of a series of events that culminate in the addition
of a ﬁnite tract of poly(A) to the 30-end of a processed
pre-mRNA. These events are mediated by a complex of
multi-subunit factors, the composition of which is
generally conserved in eukaryotes (1–3). This complex
recognizes speciﬁc sequence elements in a pre-mRNA,
processes the RNA and adds the poly(A) tract. In animals,
the canonical poly(A) signal AAUAAA is recognized by
the 160-kDa subunit of cleavage and polyadenylation
speciﬁcity factor (CPSF; the 160-kDa subunit is termed
CPSF160), the U+G-rich downstream sequence element
is bound by CstF64, the 64-kDa subunit of cleavage
stimulatory factor (CstF) and other auxiliary elements
situated 50 to (or upstream of) the polyadenylation site are
recognized by CFIm25, the 25-kDa subunit of cleavage
factor I (CFIm). Two other subunits of the complex, hFip1
and CPSF30, also bind RNA (4,5), but the roles of these
activities in the process remain poorly deﬁned. These
RNA–protein interactions, as well as a number
of protein–protein interactions between other subunits of
the subcomplexes, serve to coalesce the complex and
position the RNA for cleavage and polyadenylation. Two
diﬀerent subunits of CPSF, namely CPSF73 and CPSF30,
have been suggested as the endonuclease responsible for
the cleavage of the mRNA at the polyadenylation site
subsequent to polyadenylation (6–8). Subsequent to RNA
processing, poly(A) polymerase (or PAP) is brought to the
RNA, presumably through its interaction with animal
orthologs of Fip1 (5), so as to add the polyadenylated
tract. This ﬁnal step in the reaction is modulated by a
nuclear poly(A)-binding protein (PabN) that serves to
promote processive poly(A) addition and to regulate the
ﬁnal length of poly(A) that is added to the mRNA (9,10).
In the budding yeast Saccharomyces cerevisiae, mRNA
30 end formation is directed by a tripartite polyadenylation
signal, the elements of which have been termed as the
eﬃciency element, positioning element and polyadenyla-
tion site, respectively. The RNA-binding subunits Hrp1,
Rna15 and Yth1 associate with these elements; Hrp1
binding to the eﬃciency element, Rna15 to the positioning
element and Yth1 to the polyadenylation site (11–13).
Hrp1 and Rna15 are subunits of the so-called cleavage
factor I (CFIy, the subscript ‘y’ serving to distinguish
this factor from the mammalian CFIm) (12,13) while
Yth1 is a subunit of the cleavage and polyadenylation
factor (CPF) (14). Rna15 and Yth1 are orthologs of
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strict counterpart in the animal polyadenylation complex.
Presumably as is the case in animals, these RNA–protein
interactions that involve diﬀerent multi-subunit factors
serve to promote the assembly of the complete complex on
a pre-mRNA, as well as to position the pre-mRNA for
processing and subsequent polyadenylation. The nature of
the processing endonuclease in yeast has not been
explored, but both of the animal proteins (CPSF73 and
CPSF30) that have been associated with suggestive
nuclease activities have yeast counterparts—Ysh1 is the
ortholog of CPSF73, and Yth1 is the counterpart of
CPSF30. As in animals, PAP is tethered to the processed
RNA through its interaction with Fip1 (15). While yeast
has no formal counterpart of PabN, two other PabNs,
Nab2 and Pab1, contribute to poly(A) length control in
this organism (16–18).
Plant genomes possess genes with the potential to
encode virtually the complete set of polyadenylation
factor subunits that are found in animals and yeast (19).
Moreover, as is the case in animals and yeast, the plant
polyadenylation signal consists of several distinct cis
elements—in plants, the so-called Near-Upstream
Element, Far-Upstream Element and Cleavage Element,
or NUE, FUE and CE, respectively (20–22). The plant
polyadenylation complex has not been as extensively
studied as its animal and yeast counterparts. However,
recent studies have established that several of the plant
counterparts of CPSF subunits (speciﬁcally, CPSF160,
CPSF100 and symplekin) reside in a nuclear complex that
also includes the ortholog of the yeast polyadenylation
factor subunit Pfs2 (the plant protein has been termed FY)
(23), and most of the plant subunits may be linked
conceptually with PAP (24,25).
Eukaryotic CPSF30 proteins are among the most
interesting of the subunits of the polyadenylation
complex. As stated in the preceding paragraph, the
yeast ortholog (Yth1) associates with the cleavage/
polyadenylation site (11). The Drosophila ortholog pos-
sesses nucleolytic activity (26,27), leading some to propose
that CPSF30 is a processing endonuclease in the
polyadenylation reaction (8). In animal cells, CPSF30
has been shown to be the focus of regulatory events in
virus infections (28,29). The animal and yeast proteins
share an array of ﬁve tandemly arranged CCCH-type zinc
ﬁnger motifs (typically, Cys-X8-Cys-X5-Cys-X3-His) that
have been implicated in RNA binding by these proteins
(11), in nucleolytic activity (26) and in interactions with
other polyadenylation factor subunits (14). Moreover,
animal proteins have additional zinc knuckle motifs that
are absent from Yth1 (27), and the zinc knuckle motif of
the bovine protein enhances the RNA-binding activity
of the core zinc ﬁnger domain (26).
Among the set of plant genes that encode polyadenyla-
tion factor subunits are those that encode orthologs of
CPSF30/Yth1. The Arabidopsis gene (as well as its
counterparts in other plants; unpublished data) encodes
two mRNAs (30); the smaller of the two (termed herein as
AtCPSF30) speciﬁes a ca. 250-amino acid polypeptide that
is analogous to CPSF30/Yth1, whereas the larger is
translated to yield a polypeptide in which all but the
C-terminal 13 amino acids of AtCPSF30 are fused to a
protein domain found in mammalian splicing associated
factors [the so-called YT521B motif; (31)]. Both polypep-
tides can be detected in nuclear extracts, and the smaller
resides in a nuclear complex with the Arabidopsis ortholog
of CPSF100 (30). AtCPSF30 also interacts with an
Arabidopsis ortholog of Fip1 (24), placing it in a network
of interactions that includes PAP (among other poly-
adenylation factor subunits). Like its other eukaryotic
counterparts, AtCPSF30 is an RNA-binding protein;
interestingly, the RNA-binding activity of AtCPSF30 is
inhibited by calmodulin in a calcium-dependent fashion
(30), suggestive of a regulatory link between signaling and
RNA processing in plants.
In our ongoing studies of AtCPSF30, it was noticed that
a persistent nuclease activity co-puriﬁed with the recom-
binant protein, an activity that confounded attempts to
deﬁne RNA-binding sites on substrate molecules. In this
report, the properties of this nuclease activity are
described. Speciﬁcally, we show that AtCPSF30 is itself
an endonuclease, that the RNA products of endonucleo-
lytic cleavage possess 30-hydroxyl groups, and that an
Arabidopsis Fip1 ortholog inhibits the AtCPSF30-
associated nuclease activity. Together with other studies,
these results suggest that AtCPSF30 is a processing
endonuclease, and that the pre-mRNA cleavage step in
plants is mediated by more than one protein.
METHODS
Protein purification
The puriﬁcation of MBP-AtCPSF30, m4 and m9 proteins
(Figure 4) has been described elsewhere (30). The zinc
ﬁnger mutants of AtCPSF30 (Figure 4) were generated by
using quick-change site-directed mutagenesis kit
(Stratagene) using the pMALC2-AtCPSF30 plasmid (30)
as template as per manufacturer’s instructions. The results
of mutagenesis were conﬁrmed by DNA sequencing;
accordingly, the C-terminus of the ﬁrst zinc ﬁnger
was changed from DACGFLHQF to DASTFLYQ,
the second zinc ﬁnger from QDCVYKHTN to
QDSTYKYTN and the third from PDCRYRHAK
to PDSTYRYAK. The oligonucleotide primers that
were used for the mutagenesis are given in Table 1.
The cloning of coding sequence corresponding to the
N-terminal 137 of the chromosome V-encoded
Arabidopsis Fip1 protein into bacterial protein expression
vectors pGEX-2T (Pharmacia) and pMAL-2C for making
GST and MBP fusion proteins, respectively, was as
described (24). The coding sequence corresponding to
the N-terminal 483 amino acids was cloned into pDEST17
vector (Invitrogen) from the corresponding entry clone
(24) to produce histidine-tagged fusion protein. Histidine-
tagged and GST fusion proteins were puriﬁed as described
by Forbes et al. (24) and MBP fusion proteins puriﬁed as
described in Delaney et al. (30). It should be pointed out
that the puriﬁcation of MBP and GST fusion proteins
included a wash of proteins bound to the aﬃnity media
with buﬀers containing 2M NaCl, a step intended to
remove almost all non-speciﬁcally bound bacterial
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Control proteins (GST, MBP and histidine-tagged
b-glucuronidase) were prepared as described (24,30).
Protein concentrations were estimated by comparing
the puriﬁed preparations with BSA standards by SDS–
PAGE and staining of the gels with Coomassie
Brilliant Blue.
Preparation of RNA substrates
Labeled RNA was derived from the pea rbcS-E9
polyadenylation signal, and contained nucleotides extend-
ing from 145nt upstream to 80nt downstream from the
site noted as ‘+1’ by Mogen et al. (32). Various mutant
forms of the polyadenylation signal lacking one or more
cleavage sites or sequence elements were also used for
making the transcripts. Templates for in vitro transcrip-
tion were prepared by PCR, using the plasmid templates
and primers listed in Table 1. Uniformly labeled and
unlabeled RNAs were prepared by in vitro transcription
using Ampliscribe kit from Epicentre as per manufac-
turer’s instructions, and puriﬁed using MegaClear
kits (Ambion).
In addition to rbcS-E9-derived RNAs, a control
RNA from a GFP gene was also used in some
experiments. Transcription template for this RNA was
produced by PCR using the primers indicated in Table 1
(‘BS-T3’ and ‘GFP-30’) and a truncated GFP plasmid as
template. This plasmid was produced by subcloning the
GFP gene in KY80-GFP (a gift from Dr Randy Dinkins,
USDA/ARS, Lexington, KY) into pBluescript vector as
an XbaI–SacI fragment. The resulting recombinant
plasmid was digested with HincII and ligated to release
the ﬁrst 490 bases of GFP.
Circular RNA was made from uniformly labeled linear
RNA. Initially, linear RNA was dephosphorylated with
calf intestinal alkaline phosphatase (Promega) by incubat-
ing 24mg of RNA with 10 units of enzyme at 378C for
30min. The reaction was stopped by heating at 948C
for 5min, and RNA was recovered by phenol–chloroform
extraction followed by ethanol precipitation. The
precipitated RNAs were re-suspended in water and
re-phosphorylated by phosphonucleotide kinase
(Ambion) at 378C for 30min. Re-phosphorylated RNA
was puriﬁed by another round of phenol–chloroform
extraction and ethanol precipitation. Ligation of 50 and 30
ends were carried out by incubating the re-phosporylated
RNA with T4 RNA ligase (Ambion) at 378C for 40min
as per manufacturer’s instructions. The reaction was
stopped by heating at 948C for 5min and RNAs
were extracted with phenol–chloroform. After ethanol
precipitation, the circular RNAs so obtained were
re-dissolved in water.
Table 1. Plasmids and oligonucleotides used in this study
Designation Sequence (50 -430) or description Use Reference
(for
plasmids)
T7-E9 TAATACGACTCACTATAGGGAGTATTAT
GGCATTGGGAA
PCR production of rbcS-E9 in vitro transcription
template
E9 61–80 AAATGTTTGCATATCTCTTA PCR production of rbcS-E9 in vitro transcription
template
T7-7/26 TAATACGACTCACTATAGGGA
GAATTAATATTATTTGTTTT
PCR production of ‘DE’ in vitro transcription template
rbcS-17/6 TGAGAATGAACAAAAGGACC PCR production of ‘PC’ in vitro transcription template
BS-T3 CAATTAACCCTCACTAAAGGGAA PCR production of the ‘GFP’ transcription template
(Figure 3A)
GFP-30 TTATTTGTATAGTTCATCCATGCCATGTG PCR production of the ‘GFP’ transcription template
(Figure 3A)
ZF1-A GTATGAAAGGTGACGCCAGTACTTTTCT
CTATCAGTTCGATAAAGCTC
Site-directed mutagenesis to produce the ZF1 mutant
ZF1-B GAGCTTTATCGAACTGATAGAGAAAAGT
ACTGGCGTCACCTTTCATAC
Site-directed mutagenesis to produce the ZF1 mutant
ZF2-A GGTGAATGTCGAGAGCAGGATAGTACTT
ATAAATATACCAATGAAGATATCAAAG
AATGC
Site-directed mutagenesis to produce the ZF2 mutant
ZF2-B GCATTCTTTGATATCTTCATTGGTATATTT
ATAAGTACTATCCTGCTCTCGACATTCACC
Site-directed mutagenesis to produce the ZF2 mutant
ZF3-A GTCCCAATGGTCCTGATAGTACTTACA
GGTATGCAAAGCTTCCTGGAC
Site-directed mutagenesis to produce the ZF3 mutant
ZF3-B GTCCAGGAAGCTTTGCATACCTGTAAGTACT
ATCAGGACCATTGGGAC
Site-directed mutagenesis to produce the ZF3 mutant
rbcS-E9 plasmid PCR template for ‘wt’, ‘PC’ and ‘DE’ in vitro
transcription substrates
(32)
rbcS-120/61 plasmid PCR template for ‘FUE’ in vitro transcription
substrate
(32)
rbcS- 60/+41 plasmid PCR template for ‘NUE’ in vitro transcription
substrate
(32)
pBlueScript-GFP
  plasmid PCR template for ‘GFP’ transcription substrate
(Figure 3A)
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The nuclease assay reactions contained varying quantities
(ranging from 0.12 to 12 pmol) of puriﬁed protein,
2pmol of labeled RNA, 0.6mM MgCl2 and RNasin
(30U, Eppendorf) in a volume of 10ml of Tris–HCl
buﬀer (50mM Tris–HCl pH 7.5, 150mM NaCl). After
incubating the reaction mixture at 308C for appropriate
periods of time, reactions were stopped with phenol–
chloroform. Three to ﬁve microliters of the aqueous phase
was mixed with equal volume of gel loading
buﬀer II (Ambion) and heated at 658C for 15min. The
samples were subsequently chilled on ice for 2min before
conducting electrophoresis on 8–10% polyacrylamide–
urea gels. Following electrophoresis at 7–8mA constant
current, the gels were dried and analyzed by autoradio-
graphy. Autoradiographs were analyzed using ImageJ
analysis software.
RNA-binding reactions
For RNA binding, the electrophoretic mobility shift assay
described elsewhere (30) was used. It should be pointed
out that the conditions used in these assays are such that
appreciable RNA, including partial breakdown products,
remains after the 15min incubation time (Figure 1A, lanes
8 and 12), and thus that RNA binding can be measured
for forms of AtCPSF30 that possess nuclease activity.
Analysis of30 termini
The procedure is similar to the one followed by Ivanov
et al. (33). Unlabeled RNA was blocked at 30 end using
yeast PAP (USB) and cordycepin 50-triphosphate as per
manufacturer’s instructions. The RNA so obtained was
treated with MBP-AtCPSF30 fusion protein for 15min
and the resulting breakdown products recovered by
Figure 1. Nuclease activity of AtCPSF30. (A) Time course of the activity. Uniformly labeled RNA (200nM) was incubated with MBP fusion protein
of At CPSF30 (600nM), samples were taken out at regular time intervals and added to phenol–chloroform to stop the reaction. The RNAs were
recovered from the aqueous phase and subjected to urea-PAGE as described in Methods section. Lanes 2 and 11 are reactions that were halted
before AtCPSF30 was added. Time points are: lanes 3–9—1, 2, 5, 7.5, 10, 15 and 20min, respectively; lanes 12–15—15, 30, 60 and 120min,
respectively. Lanes 1 and 10 show the results of reactions performed with puriﬁed MBP instead of AtCPSF30 for 20 (lane 1) or 120min (lane 10).
(B) Concentration dependence of the nuclease activity. Uniformly labeled RNA (200nM) was incubated with serial dilutions of puriﬁed protein (ﬁnal
AtCPSF30 concentrations of 1.2, 12, 120, 300, 600 and 960nM, in lanes 1, 2, 3, 4, 5 and 6, respectively) for 30min. The sample in lane 7 shows the
results of incubating the RNA in the absence of protein. (C) AtCPSF30 acts on circular RNAs. Circular RNA was prepared from uniformly labeled
RNA as described in the Methods section. The resultant mixture of circular and linear RNAs (so indicated in the ﬁgure) was incubated with MBP-At
CPSF30 for 0, 4, 8, 16, 20 and 30min(lanes 2, 3, 4, 5, 6 and 7, respectively) and the products were recovered and separated on a sequencing gel.
Lane 1 shows the RNA mixture incubated for 30min in the presence of puriﬁed MBP. The results are plotted on the right; in this panel, the
percentage of the RNA substrate (circular or linear) remaining was plotted as a function of time, with the quantity in lane 2 being set as 100%.
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Subsequently, the RNAs were dissolved in water and
end-labeled with T4 RNA ligase (6U) and [
32P] cytidine
30,50-bisphosphate at 48C for 20h. The RNAs were
subsequently precipitated with ethanol, re-suspended in
gel-loading buﬀer II (Ambion) and analyzed by 10%
denaturing polyacrylamide–urea gel electrophoresis and
autoradiography. Autoradiographs were analyzed using
ImageJ analysis software.
Yeast two-hybrid analysis
Two hybrid assays of the interactions between an
Arabidopsis Fip1 ortholog and derivatives of AtCPSF30
were carried out as described (24). The diﬀerent portions
of AtCPSF30 were subcloned into pGEM as described
(30), excised as BglII fragments and cloned into pGAD-
C(1) and pGBD-C(1) (34) to yield for activation domain
(AD) and binding domain (BD) clones, respectively. AD
and BD plasmids were transformed into PJ69-4 (34) and
dual transformants (identiﬁed as colonies growing on
media lacking leucine and tryptophan, the selective
markers for these two plasmids) subsequently tested on
media lacking leucine, tryptophan and adenine (the latter
being one of the scorable markers for interactions).
Positive interactions were those in which all tested
colonies (between 4 and 10) grew on the adenine-free
media. Negative controls for these tests included trans-
formations with combinations of plasmids that included
unmodiﬁed pGAD-C(1) or pGBD-C(1). The positive
control was that used by Forbes et al. (24), namely the
set of plasmids that carried the Arabidopsis CstF77 and
CstF64 orthologs.
RESULTS
AtCPSF30 isan endonuclease that leaves 30-hydroxyl
groups on theends of cleaved RNAs
Prior work in this laboratory established that AtCPSF30
is an RNA-binding protein (30). Attempts to explore the
RNA-binding properties of AtCPSF30 by mapping
possible sites of binding on labeled RNA (11) were not
successful owing to persistent nuclease activity that was
insensitive to commercially available ribonuclease inhibi-
tors (data not shown). Extensive and exhaustive puriﬁca-
tion, as well as characterizations of equally pure
preparations of MBP (the tag used to purify recombinant
AtCPSF30), led to the realization that AtCPSF30 itself
was the source of this activity. In light of reports ascribing
similar activities to the Drosophila counterpart of CPSF30
(26,27), the nuclease activity of AtCPSF30 was character-
ized in some detail. For these studies, an RNA containing
a complete suite of polyadenylaton-associated cis elements
was used (Figure 3A). This RNA is derived from the pea
rbcS-E9 gene and includes the well-deﬁned FUE)and
NUEs (32,35) from this gene, and was chosen so as to best
recapitulate the complex nature of plant polyadenylation
signals. Initial studies using uniformly labeled RNA
revealed an activity that yielded numerous breakdown
intermediates at early times in a typical time-course study,
and an eventual loss of all detectable poly- nucleotides or
oligonucleotides after extended times (Figure 1A).
Nuclease activity was dependent on enzyme concentra-
tion, and was not seen when comparable quantities of
puriﬁed MBP were used in place of the MBP-AtCPSF30
protein (Figure 1B).
The transient accumulation of RNA breakdown inter-
mediates in the time-course studies suggested that
AtCPSF30 might possess endonuclease activity; such
intermediates were also observed with RNAs end-labeled
at either their 50 or 30 ends (data not shown). To further
test this, assays were conducted using circular RNAs.
As shown in Figure 1C, such RNAs were also susceptible
to the nuclease activity of AtCPSF30. Moreover, the
kinetics of breakdown of the circular RNAs were similar
to those seen with the linear RNA. These results indicate
that AtCPSF30 can act as an endonuclease.
One possible function for the endonuclease activity of
AtCPSF30 is the processing of the pre-mRNA as a
prelude to the polyadenylation. Such a function would
require that the nuclease action leaves a 30-hydroxyl group
at the end of the RNA; alternative modes of nuclease
action, in contrast, might leave 30-phosphates or 20-30
cyclic phosphates. To examine this, the products of
AtCPSF30 endonucleolytic action were end-labeled
with RNA ligase+[
32P] cytidine 30,50-bisphosphate
([
32P]-pCp); such a treatment is expected to label RNAs
bearing 30-hydroxyl groups, but not 30-o r2 0,30-cyclic
phosphates. As shown in Figure 2 (lane 1), the end-
labeling treatment of the input (unlabeled) RNA yielded a
single discrete species. Pre-treatment of the input RNA
with 30-dATP+PAP (Figure 2, lane 2) eliminated this
labeling, indicating a requirement for a free 30-hydroxyl
for the labeling with [
32P]-pCp. Subsequent treatment of
the 30-blocked input RNA with AtCPSF30 yielded an
array of breakdown products that were readily labeled
with ([
32P]-pCp (Figure 2, lane 3). This result indicates
Figure 2. Cleavage by AtCPSF30 generates 30OH groups. Unlabeled
RNA (200nM) was ligated with [
32P]-pCp before pre-treatment with
PAP+30-dATP (lane 1), after treatment with PAP+30-dATP (lane 2)
and after treatment with PAP+30-dATP and subsequent incubation
with AtCPSF30 (300nM) for 10min at 308C (Lane 3). The positions of
RNA size standards are indicated to the right.
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groups. It should be noted that the RNAs labeled by
[
32P]-pCp in lane 3 of Figure 2 do not correspond in size to
those expected if cleavage was occurring at the three
‘natural’ polyadenylation sites in the substrate RNA (the
latter would be expected to yield 50 cleavage products of
125, 145 and 175nt) (32,35). Thus, while puriﬁed
AtCPSF30 processes the substrate at distinct sites, by
itself it does not recapitulate the exact 30-end proﬁle
seen in vivo.
Absenceof sequence specificity in thenuclease activity of
AtCPSF30
The distinctive processing pattern seen in Figure 2, while
not identical to the pattern expected based on the in vivo
handling of this RNA, nonetheless suggests
some sequence preference in the action of AtCPSF30.
Such preferences may be related to one or more
of the polyadenylation-related motifs—FUE, NUE or
CE—present in the RNA. To explore this possibility, the
action of AtCPSF30 on a battery of other RNA substrates
was explored. These RNAs consisted of smaller parts of
the E9 polyadenylation signal (Figure 3A). One of these
(‘FUE’ in Figure 3A) had a deletion in its FUE region.
Another (‘PC’) retained the FUE and two of the NUEs,
and ended at the middle of the three sites in this 30-UTR
(this site is the predominant site utilized in vivo) (32,35);
this RNA is thus analogous to a pre-cleaved RNA.
A third (‘NUE’) had a deletion extending from 60nt
upstream to 40nt downstream from the middle poly(A)
site; this deletion removes all of the NUEs and cleavage
sites contained in this signal, but retains the FUE.
A fourth (DE) extended from the middle polyadenylation
site to 80nt downstream from this site. As shown in
Figure 3B, all of these RNAs could serve as substrates for
AtCPSF30 in the nuclease assay. Moreover, no dramatic
diﬀerences could be seen in the rates with which these
RNAs were degraded. An RNA (labeled ‘GFP’ in
Figure 3) with no known polyadenylation-related elements
was degraded with similar kinetics. The results indicate
that AtCPSF30 does not have an obvious preference for
polyadenylation-related signals for its nucleolytic activity.
Identification ofAtCPSF30 domainsinvolved innuclease
activity and RNA binding
AtCPSF30 consists of a number of domains (30); these
include a central region of three CCCH-type zinc ﬁnger
motifs that are conserved to some extent in all eukaryotic
CPSF30 proteins, an N-terminal region with a highly-
conserved, plant-speciﬁc region enriched in acidic amino
acids and a plant-speciﬁc C-terminal region. To study the
possible contributions of these various domains to the
nuclease activities of AtCPSF30, a number of mutant
forms of the enzyme (Figure 4A) were prepared and
assayed. These includes derivatives lacking either the
N-terminal or C-terminal plant-speciﬁc domains (m4 and
m9) (30) and point mutants in which the last ﬁve amino
acids of each zinc ﬁnger motif (CxxxH) were replaced with
the motif STxxY; this replacement eliminates two of the
four putative zinc-coordinating amino acid side chains in
the motif. As was noted previously (30), puriﬁed prepara-
tions of the full-sized MBP-AtCPSF30 consisted of two
polypeptides (Figure 4B); the smaller of these (noted with
an
  in Figure 4B) is a breakdown product whose
C-terminus lies near that of the m4 mutant (Figure 4B,
the ‘m4’ lane on the right of the panel). These variants
were assayed for nuclease activity. As shown in Figure 4C,
the m9 and ZF1 mutants displayed activities that were
Figure 3. Activities with diﬀerent RNAs. (A) Structure of the rbcS-E9-related RNAs. The designations of substrate E9 RNAs lacking one or more of
the polyadenylation signal sequence elements (32), and their respective structures, are shown. FUE (dFUE in the inset of the graph shown in panel
B)—RNA lacking the FUE in this RNA; PC—‘pre-cleavedRNA, one that ends at the principal poly(A) site of this gene; NUE (dNUE in the inset
of the graph in panel B)—RNA lacking the three NUEs present in this region; DE–RNA containing sequences spanning from the third poly(A) site
to a point 80-nt downstream from the second site; GFP—a control RNA containing no known polyadenylation-related cis elements. The
polyadenylation signal (gray box) includes the FUE (black line within the poly(A) signal region), NUEs (black vertical bars) and cleavage sites
(vertical line above the signal). (B) The RNAs depicted in panel A were incubated with MBP-AtCPSF30 for the indicated times; in all cases, the
initial RNA concentration was 200nM, and AtCPSF30 concentration was 300nM. The percent of full-length RNAs (with the 0 time point set as
100%) remaining after at each time point was plotted as a function of time.
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mutants both had activity, but less than that seen with the
wild-type enzyme (this is apparent as still-detectable
precursor RNA after the 30-min incubation). The ZF3
mutant showed little or no detectable activity under these
conditions. These results indicate that several parts of the
protein are needed for full activity, but point to the third
zinc ﬁnger as being most important. Importantly, the
eﬀects of the point mutations, and especially the ZF3
mutant, indicate that the nuclease activity under study is a
property of the AtCPSF30 polypeptide (as opposed to a
co-purifying bacterial contaminant that the stringent
washes and ion exchange puriﬁcation protocols did not
separate).
One possible explanation for the absence of nuclease
activitywiththeZF3mutantisthatitnolongerbindsRNA
as does the wild-type protein. This hypothesis was tested
using a gel-shift assay and the rbcS-E9 RNA depicted in
Figure 3. As shown in Figure 5, the ZF2 mutant had an
RNA-bindingactivitythatwassimilartothewildtype.The
ZF3 mutant was also able to bind RNA, albeit at a
somewhat reduced level. The ZF1 mutant displayed no
abilitytobindRNA.TheseresultsindicatethatZF1,which
is dispensable for nuclease activity (Figure 4) is primarily
responsible for the RNA-binding activity of AtCPSF30.
Ablation of ZF3 partially reduces RNA binding but
completely eliminates the nuclease activity. Interestingly,
alteration of ZF2 had no eﬀect on RNA binding.
Figure 4. Mutational analysis of the nuclease activity. (A) Illustration of AtCPSF30 and the various mutants. For the wild-type protein (‘wt’), the
three zinc ﬁngers are represented as black bars. The parts of the protein present in the m4 and m9 deletion mutants (30) are shown. Mutated zinc
ﬁngers for each of the three zinc ﬁnger mutants are depicted as gray bars. (B) Stained gel showing the various puriﬁed protein preparations.Three
microliter of each puriﬁed protein preparation was separated on a 10% gel, which was subsequently stained with Coomassie Brilliant Blue.
The identity of each preparation is indicated above the scan of the gel; the full-sized MBP-AtCPSF30 is denoted with an arrow besides the gel, and
the previously described breakdown product (30) noted with an  . The high molecular weight bands seen in the MBP and m4 lanes are not
consistently seen in all preparations. s—SeeBlue2 (Invitrogen) pre-stained protein size standards. (C) Nuclease activity of the AtCPSF30 variants.
Uniformly labeled RNA (2 pmol=200nM) was incubated with puriﬁed MBP-AtCPSF30 mutant proteins or with MBP for 30min at 308C and
the remaining RNA recovered and analyzed on a sequencing gel. The identity of the AtCPSF30 variant is indicated above the gel image (‘-’: no
added protein); the quantities of the enzyme preparations were: MBP—12 pmol; ‘wt’ (wild-type AtCPSF30)—6pmol; m4—12pmol; m9—10pmol;
ZF1—10pmol; ZF2—10pmol; ZF3—10pmol.
Figure 5. RNA binding by the zinc ﬁnger mutants. Uniformly labeled RNA (ﬁnal concentration of 300nM) was incubated with 2-fold serial dilutions
of the wild-type AtCPSF30 and with the three zinc ﬁnger mutants shown in Figure 4A and RNA binding assessed using the electrophoretic mobility
shift assay (see the Methods section). RNA with 3mM MBP is shown in lane 1. Other lanes and their corresponding protein concentrations: Lane 2—
3.5mM wt protein; lane 3—1.8mM wt protein; lane 4—0.88mM wt protein; lane 5—0.44mM wt protein; lane 6—4.5mM ZF1 mutant; lane 7—2.3mM
ZF1 mutant; lane 8—1.1mM ZF1 mutant; lane 9—0.56mM ZF1 mutant; lane 10—3.2mM ZF2 protein; lane 11—1.6mM ZF2 protein; lane 12—
0.8mM ZF2 proteins; lane 13—0.4mM ZF2 protein; lane 14—3.6mM ZF3 protein; lane 15—1.8mM ZF3 protein; lane 16—0.9M ZF3 protein; lane
17—0.45mM ZF3 protein. The autoradiographs are shown on the left, and the results plotted on the right. In the graph, the fraction of RNA present
in the complexes was plotted as a function of protein concentration.
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inhibitsthe AtCPSF30-associated nuclease activity
The third zinc ﬁnger of AtCPSF30 corresponds to
the motif of Yth1 that is involved in its interaction
with Fip1, an interaction that aﬀects the binding of Yth1
to RNA (14). Since this is also the motif that is needed for
endonuclease activity (Figure 4), it seemed possible that
plant Fip1 orthologs might have eﬀects on the nuclease
activity of AtCPSF30. Previously, it was reported that an
Arabidopsis Fip1 ortholog, encoded by At5g58040, was
able to interact with AtCPSF30, and that the N-terminal
137 amino acids of the 1196 amino acid Fip1 ortholog
[AtFip1(V)] contained the domain responsible for this
interaction (24). This interaction was further dissected
using a standard yeast two-hybrid assay. For this, the
battery of AtCPSF30 mutants illustrated in Figure 4A,
along with others described previously (30), were tested
for interactions with the N-terminus of AtFip1(V). As
summarized in Figure 6, all of the variants that possessed
the third zinc ﬁnger retained the ability to interact with
AtFip1(V); importantly, alteration of just the third zinc
ﬁnger eliminated the interaction, indicating that this
interaction requires just the third zinc ﬁnger motif of
AtCPSF30.
Accordingly, the eﬀects of the N-terminal portion of
AtFip1(V) on the nuclease activity of AtCPSF30 were
tested, using three diﬀerent forms of the N-terminus
of the Arabidopsis protein. One form consisted of a
histidine-tagged segment containing the ﬁrst 483 amino
acids of AtFip1(V); this segment includes the CPSF30-
binding region as well as the conserved Fip1 domain that
deﬁnes this group of proteins (this is illustrated in
Figure 7A). Two other forms consisted of the N-terminal
137 amino acids fused to either GST or MBP. These three
forms were puriﬁed and added in 2-fold molar excesses to
nuclease reactions. The results, shown in the upper panel
of Figure 7B, indicate that all three forms inhibit the
Figure 6. Two-hybrid analysis of the interaction between AtCPSF30
and AtFip1(V). The battery of mutants tested in the assay is shown on
the left; as in Figure 4A, the three zinc ﬁngers are represented as black
bars, and mutated zinc ﬁngers depicted as gray bars. The extents of
each protein present in the two-hybrid construct are shown for each
variant; the representation is not drawn to scale. The results of the tests
are summarized on the right; ‘yes’ indicates that diﬀerent independently
isolated dual transformants were able to grow on the selective media
(and therefore denotes an interaction in yeast cells), whereas ‘no’
indicates an inability to grow on such media.
Figure 7. Inhibition of AtCPSF30 by the N-terminal domain of AtFip1(V) (A) Illustration of the parts of AtFip1(V) that were tagged and used for
these assays. At the top is a depiction of the full-sized AtFip1(V) protein, showing an N-terminal acidic domain (gray bar), Fip motif (black bar) and
C-terminal RNA-binding domain [light gray bar (24)]. Beneath this are shown the parts of the protein present in the ‘Fip137’ and ‘Fip486’
constructs. The Fip137 segment was fused to MBP and GST, and the Fip486 segment to a histidine tag; the tags are not drawn to scale in the
illustration. (B) Nuclease activities of AtCPSF30 in the presence of the Fip1 preparations. AtCPSF30 (300nM) was assayed in the absence (lanes 2
and 7) of additional protein or in the presence of histidine-tagged Fip486 (lane 3), MBP-Fip137 (lane 4), GST-Fip137 (lane 5), histidine-tagged GUS
(lane 8), puriﬁed MBP (lane 9) or puriﬁed GST (lane 10). For the reactions in lanes 3–5 and 8–10, the concentrations of the respective additional
protein was 600nM. RNA incubated without enzyme is shown in lanes 1 and 6. In addition to lane numbers, the proteins used to supplement
AtCPSF30 nuclease reactions are shown above or beneath their respective lanes; (no enzyme) denotes samples in which RNA was incubated with
buﬀer and no protein. In all reactions, the RNA concentration was 200nM. (C) Eﬀects of GST-Fip137 on RNA binding by AtCPSF30. RNA
(300nM) and AtCPSF30 (3.5mM) were incubated and analyzed as described in the Methods section. AtCPSF30 was assayed by itself (lane 1) or with
4mM GST-Fip137 (lane 2) or 4 mM GST (lane 3). The sample in lane 4 had no protein. GST-Fip137 and GST have no RNA-binding activity [(24);
data not shown]. These component combinations are summarized in the table above the autoradiogram.
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GUS (Figure 7B, lane 8), MBP (Figure 7B, lane 9) or GST
(Figure 7B, lane 10) had no eﬀects on the nuclease activity.
Moreover, the puriﬁed control proteins themselves pos-
sessed no noticeable nuclease activity (data not shown).
These results indicate that the interaction of AtCPSF30
with the N-terminus of AtFip1(V) inhibits the nuclease
activity of this protein.
This result suggests that AtFip1(V) regulates the
nuclease activity of AtCPSF30. In contrast to this, the
GST-Fip137 protein had little apparent eﬀect on RNA
binding by AtCPSF30 (Figure 7C). Thus, RNA binding
by AtCPSF30 (Figure 7C, lane 1) was still apparent in the
presence of added GST-Fip137 (Figure 7C, lane 2) or GST
(Figure 7C, lane 3). A slight reduction in binding in the
presence of GST-Fip137 was apparent; this is consistent
with the reduced RNA binding of the ZF3 mutant
(Figure 3). However, the extent of diminution of RNA
binding by GST-Fip137 was far less than the inhibition of
nuclease activity seen with the same preparation.
DISCUSSION
AtCPSF30 asaprocessing endonuclease
The nature of the events associated with processing of the
pre-mRNA remains somewhat unclear. Bai and Tolias
(26,27) reported that the Drosophila CPSF30 ortholog, the
so-called clipper protein, possesses an inherent nuclease
activity. Based on this observation, it was suggested
that CPSF30 is the processing endonuclease (8). Such a
suggestion would seem to be consistent with the observa-
tion that Yth1 associates with the processing site in vitro
(11). However, others have suggested that CPSF73 is the
processing endonuclease. These arguments are based on
a number of observations: the AAUAAA-dependent
crosslinking of CPSF73 to the cleavage site, the similarity
of CPSF73 to Zn-dependent hydrolytic enzymes related to
metallo-beta-lactamases, the requirement of amino acids
residues in CPSF73 that are required for hydrolytic
function in metal-beta-lactamases and the observation
that recombinant CPSF73 possesses endonucleolytic
activity (6,7). Based on the results presented in this
study, AtCPSF30 would seem to be an excellent candidate
for an endonuclease involved in processing pre-mRNAs
prior to polyadenylation in Arabidopsis. It possesses
a distinctive endonuclease activity (Figure 1) and leaves
a3 0-terminus that is suitable for subsequent poly(A) tail
addition by PAP (Figure 2). Poly(A) site choice in vivo is
altered in a mutant deﬁcient in AtCPSF30 (Zhang et al.,
submitted for publication), indicating that normal poly(A)
site selection in Arabidopsis requires the presence
of AtCPSF30. However, if AtCPSF30 is in fact
a processing endonuclease, it cannot be the only one
active in plants. This follows from the realization that this
protein is not essential for plant growth and development
(30), and that plants deﬁcient in this protein produce bulk
poly(A) that is indistinguishable in length and quantity
from wild-type plants (Zhang et al., submitted for
publication). Wickens and Gonzalez (36) have speculated
that the cleavage step in polyadenylation may be
performed by any of a multiplicity of processing
endonucleases, and has likened the 30-processing machin-
ery to the ‘package’ of nucleases that comprise the
exosome. It may be that such a situation is in fact in
force in plants, and that AtCPSF30 and AtCPSF73 are
both processing endonucleases.
Another possibility merits mention. While the obvious
role for an endonuclease in the polyadenylation reaction is
the generation of the 30 end for PAP, alternative functions
for such an activity may exist as well. CPSF has been
implicated in small RNA 30 end maturation (37,38), 30 end
formation of cell cycle-regulated histone mRNAs (39,40)
and cytoplasmic polyadenylation (41,42). While speciﬁc
roles for CPSF30 in these processes have not been
reported, it is nevertheless possible that the endonuclease
activity documented here may reﬂect roles for AtCPSF30
in these, or other as yet unidentiﬁed, activities.
Implications of thestructure–function map ofAtCPSF30
formRNA 30 end formation inplants
The part of AtCPSF30 that is associated with endonu-
cleolytic activity (the third zinc ﬁnger) is present in all
eukaryotic CPSF30 orthologs (Figure 8A). The corre-
sponding zinc ﬁnger motif in Yth1 is required for RNA
binding (14). Moreover, with AtCPSF30 and Yth1, this
motif is needed for interactions with Fip1 proteins, and
interactions with Fip1 inhibit the associated RNA-related
activities (nuclease, in the case of AtCPSF30, and RNA
binding, in the case of Yth1) of these proteins (14).
Tacahashi et al. (14) have proposed that this interplay
between Fip1 and Yth1 may reﬂect a progression through
the polyadenylation reaction, with Fip1 displacing
Yth1 from the pre-mRNA after the processing step,
thereby bringing PAP to the 30 end left by processing.
The characteristics of AtCPSF30 do not lend themselves
easily to an analogous model. In particular, the zinc ﬁnger
motifs of AtCPSF30 implicated in RNA binding and
nucleolytic activity are diﬀerent, and AtFip1 interacts only
with the motif involved in nuclease action. Moreover,
AtFip1 inhibits the nuclease activity of AtCPSF30
(Figure 7B) but has a much more modest eﬀect on RNA
binding by AtCPSF30 (Figure 7C). Therefore, it seems
unlikely that AtFip1 would displace AtCPSF30 from a
processed pre-mRNA. One plausible alternative to this is
a scenario where AtCPSF30 is initially associated with
AtFip1, such that the endonuclease activity of AtCPSF30
is repressed (Figure 8B). The endonuclease would become
activated with the dissociation of AtFip1(V), perhaps as a
consequence of binding of other subunits to AtFip1(V).
Along these lines, it is of interest to recall the Arabidopsis
PAP isoforms bind to the same 137 amino acid portion of
AtFip1(V) that inhibits the nuclease activity of AtCPSF30
(24; B. Addepalli and A. G. Hunt, unpublished data). This
remodeling around AtFip1(V) would lead to subsequent
processing and polyadenylation.
More generally, the mutational analysis of AtCPSF30
presented in this study reveals a protein of interesting and
subtle complexity. Two RNA-associated activities of
the protein, binding and endonucleolytic activity, are
associated with diﬀerent zinc ﬁnger motifs. The third
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AtFip1 is mentioned above. The ﬁrst zinc ﬁnger motif is
the most highly conserved of the motifs when compared
with other eukaryotic CPSF30 proteins (30) and is needed
for RNA binding by AtCPSF30. The corresponding motif
in the bovine and yeast counterparts is also needed for
RNA binding (4,11,14). Interestingly, the corresponding
motif in Yth1 is needed for the functioning of this protein
in the cleavage step of polyadenylation in vitro (14); this is
consistent with the model proposed in the preceding
paragraph, in which positioning prior to cleavage by the
nuclease domain is accomplished by the RNA-binding
domain of AtCPSF30.
In Arabidopsis (and likely other plants), CPSF30
is encoded by a complex gene whose transcripts are
alternatively processed to yield two mRNAs (30). The
smaller of these encodes AtCPSF30, whereas the larger
speciﬁes a polypeptide that consists of virtually the entire
CSPF30 sequence fused to another domain (the so-called
YT521B domain) that is found in splicing-associated
proteins in mammals (31) and in Arabidopsis proteins that
are associated with so-called calcineurin B-like interacting
protein kinases [CIPKs; (43)]. The function of the larger
polypeptide is not known, but the present study suggests
that it should possess endonuclease activity. The possible
roles that the larger polypeptide might play in gene
expression are not clear, but the conceptual linkages
between mRNA 30 end formation and both calcium-
mediated signaling and pre-mRNA splicing are intriguing.
To summarize, the results presented here constitute
strong evidence that AtCPSF30 is a processing endonu-
clease in the polyadenylation reaction in plants.
In addition, they suggest that this function is regulated
by AtFip1(V), thereby suggesting an ordered series of
events that occurs during the process of mRNA 30 end
formation in plants. With other studies, these data
suggest that there is more than one 30-end processing
endonuclease, and possibly an unexpected redundancy in
this function, in plants.
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